72
Cartesian space may provide fundamental insight into proprioceptive processing.
73
Moreover, while it has been hypothesized that elbow angle sense should be more 
92

METHODS
94
Subjects
95
We tested ten right-handed adults (6 female, 4 male; ages 18-30 years, mean 23.6).
96
Two individuals were unable to be tested in Task 3, leaving eight participants in this task.
97
Each subject gave written informed consent. All subjects were neurologically healthy and 
102
Experiments were performed on separate days using the KINARM (BKIN Technologies),
103
an exoskeletal robotic arm that allows for individual application of torques to the elbow 104 and shoulder joints. For all tasks, subjects sat with their right arm in the KINARM, and 105 the robot was calibrated so that the right arm moved in a shoulder-level horizontal plane.
106
The left arm remained out of the robot. Using a reflected rear projection system, subjects 
7
The order of Task 1 and 2 was randomized across subjects, but all subjects 153 performed Task 3 last. This design ensured that subjects' responses in Tasks 1 and 2
154
were not influenced by remembered images from Task 3.
156
Control Trials
157
Each experiment ended with one block of 30 trials in which subjects could see their arm
158
(i.e., two control trials per configuration). This final block with vision was performed as a 159 control for potential errors not due to proprioception.
160
161
EMG Recordings
162
Across all three tasks, EMG recordings were collected from five muscles in the right arm: 163 brachialis, biceps brachii, triceps brachii, posterior deltoid, and pectoralis major.
164
Amplifier gains were set to 10,000, and signals were sampled at a rate of 1000 Hz. 
212
RESULTS
214
In the passive elbow angle task, the accuracy of one of the ten subjects correlated 
268
On average, subjects were able to precisely identify their elbow angle: across-task 269 precision averages were less than 5.5° ( Figure 3B ). While our direct elbow angle 270 matching tasks differ from previous elbow angle tasks, which had subjects match their 
274
Our data show, however, that precision depends on task; a repeated measures
275
ANOVA for standard deviation of elbow angle estimates (3 tasks x 3 shoulder angles x 4 276 elbow angles) found a significant effect of task (p = 0.01). Figure 3B shows that subjects
277
were the least precise at identifying their elbow angle when their arms were moved 
292
Within Tasks
293
There were no significant within-task differences in precision across joint space 
314
To test whether subjects were worse at locating their fingertip when their hand 
383
in single joint afferents can lead to the perception of movement, whereas for muscle 384 spindles to affect perception there must be population activity (Macefield et al. 1990 ).
16
This suggests that when joint receptors are active-mainly toward extreme angles-they
386
have the potential to strongly influence proprioceptive perception. Our data suggest that 387 as joints approach extremes, joint receptors may bias perception of joint angle.
388
Cutaneous 
418
The minimum and maximum angles tested in our experiments, therefore, provided 
424
Precision of elbow angle estimates depends on task conditions.
426
We found that the precision of elbow angle estimates varies across tasks. First, we 427 observed that elbow angle estimates were more precise in our fingertip localization task 428 than in our passive elbow angle task, supporting the hypothesis that the central nervous 
453
Subjects' strategies may have also contributed to our finding that elbow angle
454
estimates are more precise in the fingertip versus passive elbow angle task. After the 455 passive elbow angle task some subjects reported that they had been trying to point the 
19
In addition to proprioceptive differences driven by whether the fingertip or elbow
462
angle was reported, we also observed differences driven by whether the arm was 
473
There was no significant group difference between precision on the active elbow
474
angle task and the passive fingertip task. Since the improved precision in these tasks 475 appears to result from distinct mechanisms, these benefits could be additive. The authors wish to thank all participants in this research study. We also wish to thank 
11
Figure 3: Group performance across tasks. A) There were no differences in group accuracy across tasks. B)
12
Compared to the passive elbow task (Task 1), subjects were slightly more precise at identifying the angle of 
